segment of SPT23 that is sufficient for homodimerization corresponds to the IPT domain, and that dimerization is mediated through IPT-IPT interaction ( Figure 1A ). Consistent with this finding, we observed that an SPT23 variant lacking the IPT domain (SPT23 ⌬IPT ) failed to interact with the SPT23 bait in two-hybrid assays ( Figure  1A ). To investigate whether dimerization is important for SPT23 at the membrane, we expressed epitope-tagged SPT23 and also SPT23 ⌬IPT in cells. Notably, the mutant protein, despite still being able to bind RSP5 in twohybrid assays and being correctly inserted into the membrane, failed to be processed ( Figure 1B and data not shown). This finding strongly suggests that dimerization is a prerequisite of SPT23 processing.
Processed SPT23 p90 Is Tethered to Membrane-Bound p120 SPT23 processing is essential to liberate the transcription factor from the membrane; indeed, the majority of processed p90 is detectable in the soluble fraction of cell free extracts (Hoppe et al., 2000) . However, when we used buffers containing EDTA and protease inhibitors (PMSF) during cell fractionation to avoid proteolysis in vitro, a significant pool of p90 was observed in the microsomal pellet fraction ( Figure 1C ). This fraction of p90 was peripherally attached to membranes since it could be solubilized not only by detergents but also by treatment with carbonate buffers. Notably, p90 could not be washed off the membranes by sodium chloride at concentrations of up to 2.5 M ( Figure 1D ), indicative of a remarkably stable, possibly hydrophobic interaction.
To investigate whether the interaction of p90 with the membrane fraction is mediated by dimerization with unprocessed p120, we performed coimmunoprecipitation experiments. For that purpose, we used an SPT23 variant that contained an N-terminal myc-and a C-terminal viously, we showed that UFD1 is required for the activa- tract ("T") was 10% of the volume used for the immunoprecipitation; control lane "C" shows the immunoprecipitation with IgG.
One particularly interesting candidate was the UFD data not shown). Similar to ufd1-2 mutants, npl4-1 mutants could not be rescued by overexpression of fullis known to be vitally important for membrane fusion (Latterich et al., 1995) . Hence, not surprisingly, cdc48-6 length (i.e., membrane-bound) SPT23 ( Figure 2C ; Hoppe et al., 2000) . From this finding, we assumed that UFD1 ts mutants could neither be rescued by overexpression of truncated SPT23 (which is able to rescue ufd1-2 muand NPL4 are required during or after SPT23 processing. To unambiguously demonstrate that CDC48, UFD1, tants; Hoppe et al., 2000), nor by adding oleic acid to the growth medium (data not shown). However, cdc48-6 and NPL4 are indeed required for OLE1 expression, we investigated the activity of the OLE1 promoter by using mutants are synthetically lethal with mutants (rsp5-2) in the gene for the ubiquitin ligase that mediates SPT23 an OLE1 promoter-driven ␤-galactosidase-reporter construct. Indeed, when we shifted cdc48-6, ufd1-2, or processing, and viability is restored by adding oleic acid to the growth medium (Figure 2A) , substantiating the npl4-1 cells to their restrictive temperature, all three mutants expressed significantly lower levels of the reidea that CDC48 plays a role in the OLE pathway.
Another candidate for the OLE pathway was NPL4, porter protein ( Figure 2D 
3A) between the corresponding genes. We also investi-
The CDC48 UFD1/NPL4 Complex Associates with Membranes gated physical interaction between these proteins by coimmunoprecipitation. As seen in Figure 3B , precipita-CDC48 localizes to the cytosol and the nucleus, and it may shuttle between these compartments (Madeo et tion of tagged UFD1 coprecipitated tagged CDC48. Furthermore ( Figure 3C ), precipitation of tagged NPL4 coal., 1998). By immunofluorescence microscopy ( Figure  3D ) we observed that UFD1 (UFD1 myc ) accumulates preprecipitated UFD1 and CDC48. Importantly, CDC48 did not coprecipitate with NPL4 when we used an ufd1-2 dominantly inside the nucleus of wild-type cells. In contrast, NPL4 (NPL4 myc ) exhibits a more patchy localization mutant at its restrictive temperature. But, conversely, when we overexpressed UFD1 in cells, the amount of adjacent to, or inside of, the nucleus, consistent with previous findings (De Horatius and Silver, 1996) that tagged CDC48 that coprecipitates with NPL4 significantly increased. This indicates that the interaction of suggested an accumulation of NPL4 at the nuclear envelope or the ER. The localization of UFD1 myc was not NPL4 with CDC48 might be indirect and that it is mediated by UFD1. Together, our data demonstrate that insignificantly altered in either cdc48-6 or npl4-1 strains, but we observed a striking, broadly cytoplasmic distriteractions of CDC48/p97 are conserved from yeast to mammals and that an oligomeric complex, designated bution of NPL4 myc in ufd1-2. In contrast, the cdc48-6 mutation had only a moderate influence on the intracel-CDC48 cells. In striking contrast, myc SPT23 failed to enter the nucleus of cdc48-6, ufd1-2, and npl4-1 mutant cells but A notable fraction of the cytosolic pool of CDC48 was reported to associate with ER membranes (Latterich et appeared to localize in the nuclear periphery or the ER at the nonpermissive temperature ( Figure 4D ). This defect al., 1995). When we separated whole cell extracts on sucrose gradients (Figure 3E ), we observed that CDC48, was not due to a general block in nuclear transport, because other nuclear proteins were correctly targeted UFD1, and NPL4 cofractionated and that a significant fraction of all three proteins copurified with the ERin these cells ( Figure 4E ). Most importantly, soluble SPT23 ⌬TM also localized to the nucleus in these cells marker protein DPM1. Furthermore, we detected notable levels of CDC48, UFD1, and NPL4 in purified micro-( Figure 4E ). somal pellet fractions (Figures 3F and 3G) . Importantly, association of CDC48 with the membrane was reduced CDC48 Mobilizes SPT23 p90 In Vitro in both ufd1-2 and npl4-1 ts mutant strains ( Figure 3F) .
We hypothesized that CDC48 UFD1/NPL4 is needed to mobiIn contrast, membrane associations of UFD1 and NPL4 lize p90 for nuclear targeting, and developed an in vitro were consistently found to be slightly increased in mobilization assay. We used constant amounts of microcdc48-6 mutant cells ( Figure 3G ). Together, these data somal membranes (which contained UFD1 and NPL4; indicate that the CDC48 UFD1/NPL4 complex associates with see above) prepared from yeast cells that expressed membranes and, importantly, that UFD1 and NPL4 sigmyc SPT23. We added protein extracts of yeast CDC48-nificantly stimulate or mediate the association of CDC48 expressing insect cells to these fractions, incubated the with the membrane. These data also suggest that mixtures for 30 min at 27ЊC in the presence of ATP CDC48 may release UFD1 and NPL4 proteins from the and proteasome inhibitors, and separated soluble and membrane. UFD1 and NPL4 could be washed off the membrane-associated proteins by centrifugation. The membrane with either 0.5 M NaCl or a high pH buffer amount of immunoreactive protein released from the (data not shown), indicating that they are peripherally pellet fraction into the supernatant was monitored by attached to membranes, however less tightly than Western blotting. As shown in Figure 5A , CDC48 ap-SPT23 p90.
pears to stimulate the release of p90 from membranes. We also used purified HIS-tagged CDC48 ( HIS CDC48) and found that this protein was fully active in this assay Inactivation of CDC48 UFD1/NPL4 Leads to Inactive, as well ( Figure 5B ). Importantly, p90 mobilization by Mislocalized p90 purified CDC48 did not occur when we used membrane We speculated that the association of CDC48 UFD1/NPL4 fractions from npl4-1 mutants grown at their nonpermiswith membranes might be mediated through interaction sive temperature ( Figure 5B ), indicating that the obwith membrane-bound substrates and that membraneserved mobilization activity is physiologically relevant bound SPT23 might be a candidate. Because overexand depends on the CDC48 UFD1/NPL4 machinery. When we pression of C-terminally truncated, but not membraneadded either apyrase to deplete the wild-type extract bound, SPT23 molecules could suppress ufd1-2 and from ATP, or N-ethylmaleimid (NEM), the ability of npl4-1 mutant phenotypes (see above), CDC48 UFD1/NPL4 CDC48 to mobilize p90 was completely blocked (Figure might function during or downstream of the processing 5A). This result confirms that CDC48 is the mobilizing reaction. SPT23 processing requires the activities of the activity, because CDC48 is known to be an NEM-sensi-RSP5 ubiquitin ligase and the proteasome, and, accordtive ATPase (Frö hlich et al., 1995) , similar to other memingly, p90 levels are virtually absent in the corresponding bers of this protein family, including NSF, the NEMmutants (Hoppe et al., 2000; Figure 4A ). In striking consensitive factor involved in membrane fusion. trast, apparently normal levels of p90 were generated in ufd1-2, npl4-1, and cdc48-6 mutants after shift to their restrictive temperatures (Figures 4A and 4B) . However, CDC48, a Ubiquitin-Selective Chaperone The aforementioned data suggest that CDC48 UFD1/NPL4 unbecause these mutants are defective in OLE1 transcription, the p90 molecules produced in these cells must ravels p90 from its interacting p120 partner protein. But does the enzyme complex directly bind the substrate? be inactive. This result suggests that CDC48 UFD1/NPL4 is required for a p90-activation step downstream of the We were unable to detect binding of SPT23 to CDC48, UFD1, or NPL4 by two-hybrid assays (data not shown), processing reaction. It is possible, however, that CDC48 UFD1/NPL4 may play an additional, nonessential role but we asked whether we could detect interaction by coimmunoprecipitation. For these assays, we used cells in SPT23 processing, as we also observed slightly higher p120 levels in these cells (Figures 4A and 4B) . Intriguthat coexpressed tagged SPT23 ( myc SPT23) and tagged CDC48 ( VSV CDC48) and specifically immunoprecipitated ingly, a significant fraction of p120 accumulated as mono-or, more rarely, diubiquitinated species in these p90 from the soluble fraction. For control experiments we used VSV CDC48-expressing cells that coexpressed mutants (Figures 4A-4C ), indicating that mono-or oligoubiquitination, rather than multiubiquitination, premyc SPT23 ⌬TM , the soluble variant lacking the transmembrane domain. As shown in Figure 6A , we could coimmucedes SPT23 processing (see Discussion).
One possible function of CDC48 UFD1/NPL4 could be nunoprecipitate VSV CDC48 with myc-tagged p90, indicating that the two proteins indeed interact. Strikingly, howclear targeting of p90. To investigate the intracellular localization of p90 in these mutants, we followed the ever, immunoprecipitates of myc SPT23 ⌬TM did not contain A significant difference between p90 and SPT23 ⌬TM is derived polypeptide. In contrast to our previous studies where we used myc-tagged ubiquitin for detection that the former was generated in vivo by RUP. Thus, we considered the possibility that p90 might have retained (Hoppe et al., 2000), SPT23 p120 was not found to be significantly modified by ubiquitin at steady state. The ubiquitin moieties after RUP. In contrast, SPT23 ⌬TM does not carry this modification. As we have shown previously observed difference can be explained by the fact that the myc-tag on ubiquitin is known to slow down ubiquitin- (Hoppe et al., 2000) , p90 of total cell extracts is ubiquitinated, but this modification could have taken place after dependent reactions (Ellison and Hochstrasser, 1991). This suggests that RUP might be partially impaired by the processing reaction in order to turn over the transcription factor. To test whether SPT23 p90 is ubiquitithe ubiquitin variant, thereby leading to the previously observed accumulation of modified p120. As mentioned nated at the membrane, we precipitated SPT23 from purified microsomal fractions and probed the proteins above, p120 accumulated as a mono-or oligoubiquitinated species in cdc48, ufd1, and npl4 mutants (Figin Western blots with ubiquitin-specific antibodies. Indeed, we found a single immunoreactive species with ure 4A). The different behavior of SPT23 p90 and SPT23 ⌬TM the mobility of p90 ( Figure 6B ). This finding strongly suggests that SPT23 has retained the ubiquitin modifiwith respect to CDC48 interaction could be due to the UFD1/NPL4 (yellow crown). The processed p90 has retained its ubiquitin modification, and CDC48 UFD1/NPL4 removes p90 from its p120 partner. Subsequently, p90 can enter the nucleus to drive OLE1 transcription. strongly suggest that CDC48 is a chaperone-like enzyme the enzyme might facilitate this reaction. This suggests that CDC48 UFD1/NPL4 may associate with the SPT23 dimer with a pronounced specificity toward ubiquitinated proteins.
at the membrane already prior to or during processing and that the enzyme leaves the membrane in a complex with p90 ( Figure 7 ).
Discussion
While this work was under review, Silver and coworkers (Hitchcock et al., 2001) published related work on The Conserved CDC48 Chaperone-like Machinery CDC48 belongs to the large family of AAA proteins that the essential function of the CDC48 UFD1/NPL4 complex in OLE1 activation. However, these authors report that proare believed to function similar to chaperones. Members of this family include NSF, involved in vesicle fusion, cessing of N-terminal GFP fusions of SPT23/MGA2 is blocked in cdc48, ufd1, and npl4 mutants at 25ЊC. But and the RPT subunits of the 19S cap of the proteasome, which assist in protein degradation. CDC48 is particuthese mutants are viable and proficient in OLE1 expression at this temperature, demonstrating that processing larly interesting, as it seems to mediate a variety of cellular activities: it is required for cell division, homoof endogenous, wild-type SPT23/MGA2 is not blocked under these conditions. We suggest that the difference typic fusion of ER membranes, and degradation of certain artificial ubiquitin-fusion proteins (the UFD pathin the two substrates could be due to the bulky GFP moiety, which may interfere with precursor dimerization, way). How this remarkable functional diversity of the enzyme may be achieved has been revealed recently an essential prerequisite of precursor processing (Figure 1B) . (Meyer et al., 2000) . The mammalian protein p97 (also known as VCP), the putative ortholog of CDC48, was Our finding that SPT23 processing involves a tight association of two SPT23 molecules may offer an explashown to assemble into two distinct complexes. In alliance with p47, the p97 protein mediates membrane funation for the puzzling phenomenon of limited proteolysis by proteasomes. Ubiquitin/proteasome-dependent sion (and possibly cell division; Kondo et al., 1997 ). Yet, if assembled with UFD1 and NPL4, the complex is processing of both SPT23 p120 and NF-B p105 is thought to be initiated by an internal cleavage ( UFD1/NPL4 is essential for the OLE pathway and that this function is proteolysis by the proteasome might be more frequent than previously expected. important for cell viability. Specifically, we found that the CDC48 UFD1/NPL4 machinery catalyzes, by an ATP-driven mechanism, the dissociation of membrane-bound Similarity to NSF Substrate binding of CDC48 is mediated by its N-termi-SPT23 p90-p120 dimers, and, subsequently, the mobilization of p90 from the membrane (Figure 7) . Notably, nal, so-called N-domain. Interestingly, this domain harbors a region that is structurally similar to UFD1 (Golbik p90 remains bound to the CDC48 chaperone after it is freed from its partner, thereby preventing the reassociaet al., 1999), suggesting that the enzyme may gain additional substrate binding sites through interaction with tion of p90 with another p120 molecule at the membrane. Although CDC48 UFD1/NPL4 does not seem to be required UFD1. Active CDC48/p97 is organized as a homohexameric ring. Recent structural studies have shown that for SPT23 processing (Figure 4B) 
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CDC48 were grown to an OD 600 of 0.6. Thermosensitive strains were shifted to the restrictive temperature for 3 hr. Cells were lysed
